INTRODUCTION
Groundwater constitutes 95% of the freshwater reserves in the United States, and nearly half of the nation's population depends on such water for drinking (1) . estimated at 88.5 billion gallons per day (2) from a total storage capacity of between 33-100 quadrillion gallons (3, 4) , and the contamination of these resources is increasing.
the presence of groundwater contamination (5) .
The withdrawal of freshwater in 1980 was Every state has reported Moreover, Lehr (4) and EPA (6) have estimated that between 1-2% of the groundwater is contaminated with heavy metals, microbial pathogens, and/or inorganic and synthetic organic chemicals. We have systems and are important for population centers and future energy production needs; and c) deep, inaccessible subsurface ecosystems pose serious long-term restoration challenges because of contamination associated with energy and defense production activities (8) .
The distribution and function of microorganisms is a vital issue in microbial ecology.
were considered to be devoid of microbial life (9) . and Starc (12) demonstrated by classical piate count techniques that Traditionally, shallow and deep subsurface strata Waksman (10, 11) few, if any, bacteria occurred below the root zone of plants. Leenheer et al. (13) indicated that the concentration of dissolved organic carbon in subsurface aquifers was typically around 1 mg/L.
Studies by
Thus, microbiologists reasoned that such concentrations were too low to support a significant bacterial community.
observations and because of the difficulty and expense of sampling at depth, the microbiology of the deep terrestrial subsurface was Because of these essentially ignored for 50 years. Although much work was done on deep marine sediments during this period, almost nothing was learned about the microbiology of the aquifer and vadose zone materials.
Before the early 1980's, extensive microbiological studies were confined to the upper 10 meters of the earth's crust, although bacteria had been detected in deep marine sediments and stratal water samples often associated with sulfur and oil deposits. Much of this work has been recently been adequately reviewed (1 4). It is on the Aiken Plateau, a comparatively flat surface that The surface is underlain by about 400 m of Microbiological samples were collected from similar stratigraphic horizons at three different sites; P24, P28 and P29 (Figure 1) . currently accepted names of the stratigraphic formations are given in the cross-section diagram in Figure 1 .
SITE AND HYDROLOGICAL CONSIDERATIONS
Subsurface
The
The Cretaceous-age aquifers below the Ellenton confining unit (Pee Dee, Black .Creek and Middendorf Formations) yield >4000 L/min in properly designed and constructed wells, whereas the Congaree Formation yields 400-1000 L/min in many locations. Apart from these aquifers, the remainder of the Coastal Plain sediments transmit water but not in sufficient quantity to be classified as major aquifers. Confining clay beds are present in the strata and retard, but do not totally prevent, the interchange of water between formations.
The direction of groundwater movement is governed largely by the depth of incision of the creeks that dissect the Aiken Plateau, while the flow in the deep sediments is governed by the Savannah River. In the vicinity of the microbiologically sampled formations, the water levels in the Congaree are drawn down by natural discharge to a greater extent than those in the Cretaceous-age aquifers.
groundwater head reversal at the Congaree Formation, and the vertical groundwater gradients below this formation are upward. Such hydrological data are important since they affect the various hypotheses available to explain the presence of the isolated microorganisms in these deep terrestrial habitats.
Thus, there is a
There are three hypotheses as to how the microorganisms became associated with the sediments at SRP. The organisms could have been displaced downward during weathering until they reached the depths at which they were isolated. that the microorganisms were laid down when the sediments were deposited.
of the water in the aquifer and the relational age of the microorganisms in the strata are being investigated.
The second hypothesis is that the organisms Thus, the movement of microorganisms
The third hypothesis states
The hypothesis remains to be tested, but studies on the age
COLLECTION, HANDLING, AND DISTRIBUTION OF SEDIMENT

SAMPLES
Surface soil and 15 subsurface sediment samples were collected from each of the three sampling sites using the protocol of Phelps et al. Retrieved materials were immediately removed from the sampler and transported to a mobile laboratory adjacent to the drill site.
Samples were extruded from the coring tubes into a glove bag continually flushed with nitrogen. 7.5 cm core was aseptically pared away, so that only the center most
The outer third to two-thirds of each portion of the core was used for microbiological investigations. 
Pared
PHYSICAL AND CHEMICAL CHARACTERISTICS OF SAMPLES
Pore water from each sample was obtained as previously described (18) (20) . A reasonable anion/cation balance (< 6% difference) was observed for all other core segments suggesting that the analyses detected the majority of the ionic species present.
Considerable heterogeneity in particle size and total ionic content was evident within major geological formations when the data from the three sampling sites were grouped and expressed as ranges ( Table 2 ).
The concentrations of organic carbon, ammonia, nitrate, and phosphate were variable within the major formations, indicating the presence of distinct subformations in the Cretaceous-age sediments.
With a few exceptions, pH increased at each sample site when clay content increased.
relatively low in the Black Creek and Ellenton Formations ( Table 2 ).
The pH was relatively high in the Congaree but Pore water ionic composition in the formations is dominated by CaS04 in the Upland, NaCl in the Dry Branch, Na+/Ca+2 and Cl-/HC03-in the McBean, NaHC03-in the Congaree, Na+/Ca+2 sulfate in the Ellenton, Na+/Ca+2 sulfate in the highest segments of the Pee Dee, and primarily NaCl in the remaining segments of the Black Creek and Middendorf Formation.
Branch, McBean, and Pee Dee, but generally increased with increasing depth in the Black Creek and Middendorf.
Total ionic content in the pore waters was low in the Dry With the domination of the sulfate ion in the pore water and the presence of dissolved organic carbon, the isolation of sulfate-reducing bacteria with depth is not surprising (Table 8) 
DENSITY AND DIVERSITY OF CHEMOHETEROTROPHIC BACTERIA
tryptone-yeast-extract-glucose (PTYG) medium, 1 % PTYG medium (1:lOO dilution of PTYG), and Difco Brain Heart Infusion (BHI). Plates were incubated at several temperatures for 2 weeks to 6 months, depending on the medium and the temperature.
Several plating media (ranging from nutrient-rich to
The plate count data indicated that a substantial number of viable aerobic (and/or facultatively anaerobic), c hemohe terotrophic bacteria were present in many of the deep subsurface sediments (Table 3) .
bacterial densities varied widely from one stratum to another, ranging from no culturable organisms to 3.3 X lO7CFU/gdw (gram dry weight) of sediment. Despite the variations from one stratum to another, there was no obvious overall decrease in viable bacterial numbers with increasing depth. The lowest viable counts were observed for poorly transmissive sediments that contained more than 40% clay (R=-.917 for P24; R=-.299 for P28; R=-,688 for P29).
exceptions, the variations in viable counts were related to the formations and were similar at all three drilling sites.
The
Although there were some Viable counts were consistently higher on dilute, nutrient-poor media (i.e. 1% PTYG), than on the richer media (PTYG, BHI). Over 90% of the bacteria isolated from the SRP subsurface sediments were able to grow under low-nutrient conditions, but a significant minority, approximately 10%-40%, grew rapidly (18-24h) on rich medium. Most Probable Number (MPN) analyses, using a 5-tube assay with equivalent media, agreed closely with the plating results (data not shown).
The highest viable counts were obtained at an incubation temperature of 23OC, the in situ temperature of the sediments, although counts at 37°C were similar.
than those observed at 23' or 37°C.
low (generally less than 103 CFU/gram), indicating that very few thermophiles were present in these sediments. Very low numbers of Plate counts at 4OC were generally lower Plate counts at 55°C were also very bacterial spores (generally less than 103 CFU/gdw, as determined by plating of heat-shocked samples) were present in the SRP sites. These results indicate that most of the microorganisms were mesophilic, and that heat-resistant bacterial spores were not a prominent component of the deep subsurface microbial community at the SRP sites.
Morphologically distinct colonies were isolated from all of the enumeration plates, and the occurrence and relative frequency of each colony type was noted.
observed on the plates for many sediments as illustrated in Figure 2 ; in fact, 62 distinct coIony morphologies were isolated from a single sediment sample (178 m). The greatest colony diversity was observed on full strength PTYG medium. Such diversity was not related to depth but rather fluctuated from one strata to another ( Figure 2 ). Vertical distribution analysis of the colony types observed on PTYG plates at 23°C revealed that 74-89% of the colony types were detected only at one depth (i.e., in a single stratum), while an additional 8-16% were A considerable variety of colony types was det cted at only 2 depths, and only 2-3% of the total colony types appeared at four or more depths.
heterotrophic bacterial composition of the deep terrestrial subsurface These results indicate that the was diverse and varied markedly from one stratum to the next.
Each colony type was subjected to 22 biochemical tests using API Rapid NFT strips (Analytab Products, Plainview, NY) for physiological characterization (Balkwill submitted).
tests supported the colony diversity observations in that there were very few isolates with identical physiological characteristics between or
The results of the physiological among strata. 1100 isolates examined were unique to a single depth, while only 3% of the tested isolates were present in sediments from four or more depths.
Based on the API physiological testing, over 85% of the
ENUMERATION OF EUKARYOTIC MICROORGANISMS
Protozoa populations were determined using a modified version of the MPN technique as described by Sinclair and Ghiorse (22), which was able to detect as few as 2 protozoa per log of sediment sample.
were enumerated on Sabouraud's Dextrose Agar containing penicillin and streptomycin (to inhibit bacterial growth), or 5% Potato Dextrose Medium (Difco) at pH 5.6. Algae were grown on mineral salts agar in the presence of direct sunlight. In general, algae, fungi, and protozoa were either absent or present at low densities throughout the core profile ( Table 4) .
the lower eukaryotic densities were generally associated with
Fungi
As was the case with heterotrophic bacteria (Table 3) ,
MEASUREMENTS OF MICROBIAL BIOMASS
Bacteria in each sediment sample were enumerated by direct epifluorescence microscopy using acridine orange direct counting (AODC) techniques to estimate the total bacterial density (23). The AODC was compared with the numbers of iodonitrophenyl tetrazolium dye reducing cells (AOINT) to determine the density of actively respiring cells in the total bacterial population (24). The results shown in Table 5 for P28 are similar to the other sites in that, a number of the samples collected from the 3 sites (19 of the 49) had platable bacterial counts greater than 90% of the total AODC estimates. The AOINT measurements reflect a bacterial population (up to 46%) that reduced the tetrazolium dye and indicated electron transport activity.
in Table 5 show that the microbial community in these samples was viable, and that a surprisingly high percentage of the bacterial The data sediments that had greater than 20% clay.
densities of algae and protozoa were found in the surface soils, protozoa Although the greatest were usually found in the substantial numbers where the platable bacteria approached 107lgdw in the subsurface. The data for site P28 indicated that one of the geological formations, the Congaree, had protozoan densities high enough to play a role in the regulation of the bacterial communities at that depth ( Table 4) . Fungal densities were highest at the surface, immediately declined at 15 m, with none of the subsurface sediments containing greater than 35 CFU/gdw sediment. population was cultured. observation in soil microbiology that less than 10 % of the total bacterial population as observed by AODC is culturable (9) . This is most unusual since it is a general Bacterial biomass in subsurface sediment samples was also determined by phospholipid analyses (25) . Sediment samples were immediately frozen at the drill site, transported to the laboratory, lyophilized, and stored until analyzed.
of sediment, using a modification of the Bligh and Dyer extraction procedures (26) . Surface soils contained 6.6 f 0.3 nmoles phospholipid ester-linked fatty acids (PLFA)/gdw, equivalent to the AODC counts of lOg/gdw, while subsurface materials contained 3 to 5 orders of magnitude fewer PLFA. bearing sands.
Lipids were extracted from 40g
Clay zones contained less PLFA than the water-
ENUMERATION OF SPECIFIC BACTERIAL GROUPS
Chemolithotrophic bacteria were enumerated with the techniques outlined in Table 7. populations of chemolithotrophic microorganisms were generally sparse throughout the profile ( Table 5) . (27) demonstrated the presence of these organisms in many strata in all three boreholes (Table   8 ).
lOs/gdw and were not correlated with sulfate levels at any of the sites.
Generally, higher numbers of sulfate-reducing bacteria were found in the more transmissive strata, but viable SRB populations were detected in dense clays.
The number of SRB varied from undetectable to greater than Enrichments for microaerophilic microorganisms indicated that this physiological group occurred repeatedly throughout the subsurface profile. Subsequent transfers onto nitrogen-free media indicated that many of these bacteria fixed nitrogen (data not shown). Isolates collected from the sediments of the three sites were tested for their sensitivity to six antibiotics (Penicillin, Ampicillin, Carbenicillin, Kanamycin, Streptomycin, and Tetracycline). Bacteria isolated from the drilling muds were also subjected to the same set of antibiotics to determine their sensitivity.
inhibition zone diameters for all the antibiotics, the bacteria in the return drilling muds were from a different population than all the subsurface isolates (p=O.Ol) as determined by the Wilcoxin Signed Rank Test (29; Fredrickson, et al.,  in press).
Based on the mean antibiotic
Total coliform bacteria were also enumerated in samples from the three sites using standard techniques (30) except that incubation periods ( 10 days) and temperatures (24O-26"C) for presumptive, confirmed, and completed tests were altered. the population of coliforms with depth at P28. enumerated from the surface and seven strata taken from P28 and P24, while four strata at P29 were also positive in this assay.
shallow water-bearing zones of the McBean/Congaree formations consistently harbored coliforms.
deeper Middendorf formations and elevated temperature testing (44°C) of isolates from these samples indicated that these organisms were not from direct fecal contamination.
water used to make the drilling muds were negative for coliforms.
These results strongly suggest that coliforms are part of the indigenous subsurface microflora.
The data in Table 5 show
Coliforms were
The more Coliforms were also detected in the Assays of the drilling muds and the
MICROBIOLOGICAL ACTIVITY MEASUREMENTS
Activity measurements based on 14C-acetate incorporation into lipids and 3H-thymidine incorporation into DNA (3 1,32 ) indicated that the subsurface microbial populations were metabolically active ( Table   6 ). The lipid analysis data generally 100 to 1000 times samples, although substantial from the Black Creek Format ndicated that the surface soil samples were more active than the subsurface sediment activity was noted in the sandy samples on. The microbial activity in the nontransmissive boundary clays was consistently low or at background, while the coarser textured transmissive sediments always had significant activity. The incorporation of acetate into lipids was quite pronounced in many P28 samples and demonstrated levels of incorporation substantially greater than the corresponding strata from the P24 or P29 sites. Uptake of 3H-thymidine supported the 14C-acetate incorporation data in that the clay zones were significantly lower in activity than the more sandy zones. a greater number of active strata than did either of the other two
The samples from the P28 site had sampling sites. These data suggest that microorganisms were present that readily metabolized indigenous substrates.
Metabolic activity, as measured by the reduction of INT, has been used in a number of terrestrial (33) and aquatic systems (34) to enumerate the active microbial populations as well as selected bacteria in autecological studies (35) . This method was used to determine the proportion of the total microbial population, as measured by AODC, which was metabolically active.
40% of the microbial population was active for the reduction of the INT (Table 5 ).
In some of the samples, greater than Carbon mineralization studies for glucose and indole indicated that microbial activity was present in nearly all of the samples, but this activity varied greatly with depth.
was generally greater in the surface sediments than in the subsurface samples, and glucose was more readily metabolized than indole. mineralizations were stimulated by the injection of sterile air into the headspace of the serum bottles, including sediments previously shown to be anaerobically inactive. microbial aerobic metabolism.
Mineralization of indole and glucose
All
Such data suggest a predominance of Denitrification (reduction of nitrate to nitrogen) was measured by accumulation of nitrous oxide after incubation of the sediments for 72hours in the presence of acetylene. Duplicate sediment samples (2g)
were incubated with 1 mL of prereduced deionized water. Indigenous denitrification (without carbon amendments) was detected in numerous sediments from P24, P28, and P29. The data in Table 5 show that the surface sediments of P28 had the highest activity (25.8 nmoles/gdw), while sediments from the McBean Formation exhibited the highest activity of all the subsurface formations. Denitrification was more pronounced in the sandy zones than in the clay sediments.
nitrate enhanced denitrification, whereas the addition of a carbon source, succinate, had no stimulatory effect (data not shown). These data suggest that denitrification in these sediments is limited by the availability of nitrate and not by a particular carbon substrate. The data were analyzed with respect to negative ' relatively minor in that methanogenesis was not observed in any of the samples from P24, P28, and P29 after 5 days of incubation. This was true even in the presence of added formate, acetate, and bicarbonate.
Further, an MPN assay for methanogens indicated that these organisms were below detectable levels (0.3/gdw) in all the samples except for two strata in P29 and one in P24. methanogenesis with larger samples (10-25g) were positive in only a few samples from P24 and P29, while P28 samples showed methane production in 10 of the highly transmissive strata.
Long-term assays (6 months) for
Long-term anaerobic activity assays indicated the potential for acetogenic fermentation in most samples of P28 (13) and P29 (10) 
PHYSIOLOGICAL CHARACTERISTICS OF THE SUBSURFACE
MICROFLORA
The subsurface microflora of the SRP site was very diverse in terms of its specific physiological characteristics and metabolic activities. The sediment samples contained microorganisms that metabolized glucose, indole, benzoate, lactate, and formate both anaerobically and aerobically. Of the 1100 isolates that have been tested for specific metabolic characteristics (with API Rapid NFT strips), 33% assimilated all the carbon sources tested (i.e., arginine, lysine, ornithine, sodium citrate, urea, tryptophane, glucose, inositol, sorbitol, rhamnose, sucrose, melibiose, amygdalin and arabinose), while most of the isolates assimilated over 50% of the tested compounds.
The ability to assimilate individual organic compounds as a sole carbon source was common among subsurface bacterial isolates from different depths. Of the 1100 isolates tested, 91 % assimilated malate, 87% D-gluconate, 74% glucose, and 73% citrate. Thus, as a group, these isolates were versatile with respect to the range of compounds they metabolized. Some of the tested physiological characteristics occurred commonly among subsurface microbial isolates from different depths.
None of the tested isolates demonstrated tryptophanase activity, and only 6% were able to reduce nitrate to N2. Only 8% of the isolates obtained on the PTYG plates fermented glucose, even though 74% of the isolates were able to assimilate glucose aerobically. Thus, most of the bacteria isolated on aerobically incubated PTYG plates have an oxidative rather than fermentative metabolism.
DISCUSSION
The reported investigation has demonstrated that the terrestrial deep subsurface is a habitat of great biological diversity and activity.
The study has shown that microorganisms are present at depth, and active than had been expected from the scientific literature, and thus an enhanced role might be expected for microorganisms that influence the groundwater chemistry (37, 38) and the geological processes.
Microbial populations in these deep sediments are more
The data demonstrated that the density of microorganisms does Such information suggests that not decrease significantly with depth.
the Biosphere may extend a substantial distance into the Geosphere and only cease to exist where temperature and pressure become the limiting factors for life.
One of the problems associated with terrestrial subsurface microbiological research is that of obtaining and assuring noncontamination of the microbiological populations of the subsurface strata during the sampling effort. The investigators were convinced that contamination from the drilling muds was nonexistent, or at the most, very minimal and was not a problem. (39, 40) . The diversity of platable forms also decreased sharply with depth in shallow aquifers, but that was not the case in the deeper sediments studied here. Such diversity is surprising for a presumably nutrient-limited environment and contrary to traditional thinking in soil microbiology.
In this study, the diversity was not limited by depth.
limitation was observed only in the nontransmissive zones where the concentration of clays was greater than 20%. less diverse but, because they contain less microorganisms than the more transmissive sand zones, they were not readily evaluated for from P28, and grown on PTYG agar.
Distribution of bacterial colony types in sediments collected Table 1 .
from Site P28.
Pore water chemistry and physical composition of samples Table 2 .
Concentration ranges of selected parameters in formations at SRP. Table 3 . Numbers of viable, aerobic, chemoheterotrophic microorganisms in deep subsurface environments. Table 4 . Biomass estimates for protozoa, algae, and fungi in P28. Table 5 .
parameters in P28.
Biomass estimates (gdw-1) for selected microbiological Table 6 . Phospholipids and isotopic measurements with depth for P28 sediment cores. 
